Introduction
Synergistic extraction is a unique behavior observed in the extraction of metal species from aqueous solutions by a mixture of extractants; that is, the resulting mixture gives a much better extraction than either component alone. Since synergistic extraction was found in the 1950s, a number of studies have been reported. 1, 2 At an early stage, it has already been pointed out that the extent of synergistic enhancement depends on the nature of the solvents. 3 The solvent effects have been discussed based on the dielectric constants 4 and solubility parameter of organic solvents. [5] [6] [7] [8] [9] However, less attention has been paid to water molecules in the organic phases, although a few papers have pointed out that the order of the values of the adduct formation constants is inverse to that of water solubility in organic solvents. 3, 10 Recently, the extent of the synergistic extraction of europium(III) with PTA (pivaloyltrifluoroacetone, 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedion) and 1,10-phenanthroline (phen) has been examined in several organic solvents; that is, the formation constants of the phen adduct to Eu(PTA)3 chelate have been determined, and it has been pointed out that when the concentration of water dissolved in hexane, benzene, and carbon tetrachloride is introduced into the constants, the constants are almost independent of the solvents. 11 However, the constant determined in chloroform is still a little different from that in these solvents. The difference may be explained on assuming an interaction between phen and chloroform.
There are several reports on thermodynamic studies in various solvents in which it was attempted to know how the physical properties, affect extraction of the chelate and the adduct. 4, 7 In the present study, to examine the solvent effect in more detail, the enthalpy change in the adduct formation was measured in benzene, carbon tetrachloride and chloroform calorimetrically.
Experimental

Reagents
All of the reagents were of analytical grade. 1,10-Phenanthroline monohydrate, PTA, and europium(III) oxide (purity ≥ 99.9%) were obtained from Kanto Chemical Co., Inc., Dojindo Laboratories, and Mitsuwa Chemicals, respectively.
All of the organic solvents were washed with deionized water. The other reagents were used without further purification.
Procedures
Stock solutions of the PTA-chelate (EuA3) were prepared by extracting europium(III) from a 0.02 M europium perchlorate aqueous solution into organic solvents containing 0.03 M PTA at pCH 4.5 -5.5. The stock solutions were diluted with the respective organic solvents and working solutions containing around 1 × 10 -3 M of EuA3 and less than 5 × 10 -4 M of PTA were prepared. The precise concentration of europium(III) was determined by ICP/AES (HITACHI P-4000) after a portion was taken from the working solution and the europium(III) was back-extracted into 0.1 M perchloric acid. A phen solution as a titrant was prepared by dissolving phen monohydrate in an organic solvent saturated with water. Calorimetric titrations were performed using an isoperibol calorimeter with a motorized burette (Tronac Model 450, USA). Fifty milliliters of the working solution were placed in a reaction vessel. The reaction vessel and a burette were immersed in a water bath at 298 K for almost 2 h to attain thermal equilibrium. The solution in the reaction vessel was stirred at 400 rpm during the titration. The titrant was constantly injected into the reactant solution for about 6 min at a rate of 0.78 ml min -1 . The temperature change in the vessel was detected by a thermistor and recorded as a function of time.
Results and Discussion
When the phen solution was gradually added into the EuA3 solution, a heat change was observed. The heat change was exothermic in benzene, carbon tetrachloride and hexane, while it was endothermic in chloroform.
The following mass balance holds in the relevant species (phen is represented as B):
(1)
From Eqs. (1) and (2), the following equation can be derived: and 11.1 ± 0.1 (C6H14) are reported. 11 The value of the moles of EuA3·phen formed (m1) was calculated from [EuA3·B]0 × (50 + v)/1000, where v denotes the volume (ml) of the titrant. The titration was repeated several times for each organic solvent. The titration data (the amounts of the heat evolved (Q) vs. m1) for all runs are shown in Fig. 1 . Since all plots can be regarded as straight lines having an intercept of zero, from Q/m1 ∆H1 was calculated. The solid curves in Fig. 1 were obtained according to Q = (-∆H1)·m1. Since the calculated curves fit the data well, the ∆H1 would reasonably explain the data.
The enthalpy changes obtained are listed in Table 1 together with ∆G1 calculated from log β  1 and T∆S. Although calorimetric titration was also performed in hexane, as shown in Fig. 1 , due to the low solubility of the relevant species (phen, EuA3, and EuA3·phen), sufficient heat change could not be detected to determine a meaningful ∆H1. However, the heat change does not seem to be quite different from that in benzene and in carbon tetrachloride. The order of the magnitude of ∆H1 is CHCl3 > C6H6 ≥ CCl4. The trend agrees qualitatively with the order of ∆H2 in the second adduct formation of tris[thenoyltrifluoroacetonato]europium(III) (Eu(TTA)3) with TBP (tributyl phosphate), because for ∆H2 (kJ mol -1 ), CHCl3 (-22 ± 5.9) > C6H6 (-37 ± 4.2) > C6H12 (-50 ± 3.8) were reported. 4 We recently offered the following equilibrium in the adduct formation:
where W denotes water molecules. As [W]o, the saturated water solubility was used (7.2 × 10 -2 M (CHCl3), 3.8 × 10 -2 M (C6H6) and 8.5 × 10 -3 M (CCl4)). However, the observation that in chloroform ∆H1 is positive and in the other solvents it is negative should suggest that the contribution of organic solvents, such as solvent-solutes interactions, is significant in the adduct formation. The difference observed in chloroform may also be due to the different interactions between phen and PTA among the solvents, because the europium(III) chelate was prepared by extraction with PTA, and PTA of around 5 × 10 -4 M may be present in the solution. To check the reaction heat between PTA and phen these organic solvents, the heat change was measured upon injecting a phen solution into a corresponding organic solvent containing PTA in the absence of europium(III). However, no heat change was detected. This may suggest that under the present experimental condition, the reaction heat between PTA and phen can be neglected in all of the solvents studied. The larger ∆H1 in chloroform may be due to the energy required for cavity formation to accept the adduct and/or chloroform-phen interaction.
There have been several thermodynamic studies on the solute-solvent interactions as well as cavity formation. 7, 12 The value of ∆H in the extraction of Tm 3+ with TTA was reported to be 54 kJ mol -1 (into CHCl3), 40(C6H6), 25(CCl4), and 22(C6H12). 7 The largest ∆H in chloroform should suggest that the energy required for cavity
β β β β formation may be the largest in chloroform. The interaction between chloroform and phen must also be stronger than that between the other solvents and phen. The stronger interaction between phen and chloroform may also be supported by the reports of the interaction between pyridines or anilines being proton acceptor and chloroform possessing an active hydrogen atom. [12] [13] [14] It has been reported 11 that the residual hydration number of europium(III) in EuA3(n0) would be 2.4 (in CHCl3), 2.5(C6H6), 2.2(CCl4), and 2.1(C6H14) and on the adduct formation almost all water molecules coordinated to EuA3 be released. This may be the reason for the positive entropy changes in phen adduct formation, as given in Table 1 . However, since the number of water molecules released upon adduct formation is larger in chloroform than in carbon tetrachloride, it seems to be a little strange that the entropy change is smaller in chloroform than in carbon tetrachloride. Actually, the sequence of the magnitude of T∆S1 in Eu(TTA)3·2TBP formation was reported 4 to be -12 (kJ mol -1 ) (CHCl3) > -19(C6H6) > -23(C6H12), although their negative entropy changes can not be explained. The difference may be related to the own property of the Lewis bases such as the basicity and the coordination sites.
The effect of solvent media on the thermodynamics in adduct formation should be very complicated, because different changes in the solvent structure as well as different solvations of EuA3, phen, and EuA3·phen among organic solvents may significantly contribute to the final net effects. As mentioned above, the calorimetric data in the adduct formation of EuA3 with phen suggest that the solvent-solute interaction (e.g., chloroform and phen) as well as the water molecules in the organic solvents would significantly affect the stability of the adducts.
To clarify the solvent effects on the synergistic extraction, a further quantitative study of the interaction between a solvent 222 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 and a solvent or a solvent and extractants would be indispensable.
